Since the mid-1980s, our understanding of nutrient limitation of oceanic primary production has radically changed. Mesoscale iron addition experiments (FeAXs) have unequivocally shown that iron supply limits production in one-third of the world ocean, where surface macronutrient concentrations are perennially high. The findings of these 12 FeAXs also reveal that iron supply exerts controls on the dynamics of plankton blooms, which in turn affect the biogeochemical cycles of carbon, nitrogen, silicon, and sulfur and ultimately influence the Earth climate system. However, extrapolation of the key results of FeAXs to regional and seasonal scales in some cases is limited because of differing modes of iron supply in FeAXs and in the modern and paleo-oceans. New research directions include quantification of the coupling of oceanic iron and carbon biogeochemistry.
T he work of John Martin (1, 2) sharply focused attention on the role of iron (Fe) in ocean productivity, biogeochemical cycles, and global climate by proposing "that phytoplankton growth in major nutrient-rich waters is limited by iron deficiency" (2) . The candidate mechanism of Martin (1, 2) points to the importance of changes, over geological time, in the magnitude of macronutrient uptake by phytoplankton in waters where macronutrient concentrations are perennially high (1) . Specifically, Fe supply to the ocean was much higher during glacial maxima than at present (1) , and it is estimated that the increase in Feinduced productivity could have contributed perhaps 30% of the 80-ppm drawdown in atmospheric CO 2 observed during glacial maxima by enhancing the ocean's biological pump (3) .
Early results from shipboard incubations in high nutrient-low chlorophyll (HNLC) waters presented compelling but equivocal evidence that phytoplankton growth was limited by Fe availability (2) . After rigorous discussion, a consensus was reached (4) that, because shipboard experiments have artifacts, mesoscale Fe addition experiments (FeAXs) offered the best approach to resolve questions about the role of Fe in ocean productivity, C cycling, and climate. The main objective of FeAXs was to test whether Fe enrichment would increase primary productivity in HNLC waters, but additional questions focused on how Fe enrichment would affect nutrient use and export (1) .
The era of mesoscale Fe enrichments started with IronEx I, where Fe and the conservative tracer SF 6 (5) were added to tropical HNLC surface waters (6) . A further 11 FeAXs of similar design (7, 8) in different HNLC regions ( Fig. 1 ) later confirmed the capability to study pelagic ecology and biogeochemical cycling in a discrete water parcel over time and space scales of weeks and kilometers. Complementary approaches include ship-based observations of persistent blooms within HNLC waters (Fig. 1) , termed here FeNXs (Fe natural enrichment experiments), that are driven by sustained and localized Fe enrichment (9) .
Common Findings in FeAXs
FeAXs have each used a common framework (7) that enables comparison of their biogeochemical signatures (Table 1 and tables S1 to S3). The results of FeAXs have substantially increased our understanding of ecological and biogeochemical dynamics and their interrelationships, and many findings are consistent with theory-based predictions of ecosystem dynamics. For example, they have shown that phytoplankton grow faster in warmer open-ocean waters (table S2) , as predicted by algal physiological relationships (10) , and that blooms across a range of FeAX sites display an inverse relationship between chlorophyll concentration and mixed-layer depth (Table 1) , as forecast by theoretical relationships between light penetration and mixed-layer depth (8, 11, 12) . More specifically, FeAXs have verified that Fe enrichment enhances primary production from polar to tropical HNLC waters ( Table 1 ) and confirmed that Fe supply has a fundamental role in photosynthesis (photosynthetic competence, table S1), diatom sinking, Fe uptake rates (13) , and other physiological processes. FeAXs have demonstrated reduced silica requirements of diatoms when relieved of Fe stress (14) , confirming results from bottle experiments (15) .
These mesoscale experiments have provided detailed time-series observations, within a tracer-labeled parcel of water [i.e., a Lagrangian framework (7) ], of open-ocean blooms from initiation through evolution and decline (Table 1) . Data collection within a Lagrangian framework gives unparalleled insights into bloom dynamics and clarifies how the interplay of factors such as initial conditions (table S1) and loss processes defines properties such as bloom magnitude, which exhibits a factor of 10 range in chlorophyll concentrations between FeAXs (Table 1 ). The broad suite of measurements and their high temporal resolution in FeAXs will be a useful tool to better interpret the less highly resolved observations available for naturally occurring blooms [e.g., the Antarctic Environment and Southern Ocean Process Study (AESOPS) (16) ]. Furthermore, the high-resolution data sets have enabled the establishment of a mechanistic understanding, in some FeAXs, of the evolution, termination, and decline phases of blooms (17) ( Table 1 ). The durations of these bloom phases provide an estimate of the lag time between the accumulation of phytoplankton C and its subsequent export (17) ; such an estimate has proved elusive in previous studies (18) .
This experimental approach has presented a platform to examine in detail the interactions of top-down and bottom-up control-outlined in the ecumenical Fe hypothesis (19)-on phy-toplankton community structure. For example, stocks of all phytoplankton groups increased initially upon Fe enrichment, but only the diatoms bloomed ( The scale of FeAXs, and in particular their use of the SF 6 tracer, enabled the construction of pelagic biogeochemical budgets for C (17) and Fe (21) under high-Fe conditions. FeAXs have permitted the study of whether speciation controls Fe bioavailability (22) , the mechanisms behind changes in the production of Fe-binding ligands (FeBLs) in response to enhanced Fe (table S3) , and other aspects of Fe chemistry. The SF 6 tracer has also helped demonstrate that the underlying physics at FeAX sites alters the bloom biogeochemical signature both by diluting phytoplankton stocks (Table 1) and by increasing the macronutrient inventory of the patch (table S3) . Such patch dilution may result in experimental artifacts including arrested bloom development (23) , which leads to reduced macronutrient uptake.
Together, the wide range of experimental conditions and resulting breadth of bloom signatures evident from FeAXs (Table 1 and tables S1 to S3) provide an essential data resource to improve existing ecological and biogeochemical models and to develop new ones. For example, a new model of DMS dynamics developed during Subarctic Ecosystem Response to Iron Enrichment Study (SERIES) provides a better understanding of how the complex interplay of physical, photochemical, and biological processes affects the temporal evolution of mixed-layer DMS concentrations (24) .
Scaling Up the Results from FeAXs
A key issue to be addressed is how natural or anthropogenic variability in Fe supply affects ocean biogeochemistry and global climate (25) . FeAXs are relatively short-term experiments specifically designed to test whether Fe supply limits primary production in HNLC waters, and therefore they can address this issue only by extrapolation. Here, we consider whether findings from FeAXs can successfully be scaled up temporally (seasonal to geological) and spatially (regional to global). Four issues, addressed below, are central to tests of the validity of such extrapolation.
Macronutrient Uptake
The degree of Fe-mediated algal uptake of the mixed-layer macronutrient inventory will determine bloom longevity (17) and influence the magnitude of C sequestration (1, 3) . FeAXs, on a time scale of weeks, have exhibited a wide range of nutrient uptake (table S3) , with depletion of >0.75 and >0.6 of the mixed-layer silicate and nitrate inventory, respectively, in several cases (table S2) . Polar FeAXs, although of longer duration (Table 1) , have resulted in <0.3 of the macronutrient inventory being used, although inventories at polar FeAX sites are greater than in other HNLC regions (table S2) . Fe-mediated diatom blooms in both FeAXs (table S2) and natural conditions (16, 26) can deplete silicate but not nitrate, which has led to bloom decline. SERIES suggests that both Fe supply and diatom species succession, as a result of decreasing silicate concentrations, set the silicate:nitrate uptake stoichiometry (17) . Thus, although longer-term Fe enrichment (months) may result in uptake of a greater proportion of the macronutrient inventory, it is difficult to scale up the findings of FeAXs without information on the long-term stability of phytoplankton community structure, such as diatom species succession (17) .
Mediation of bloom decline via macronutrient depletion means that grazer control of phytoplankton stocks is less likely on the shorter time scales typical of FeAXs. This may also apply in some cases to the Last Glacial Maximum, as abundant diatom resting spores from Southern Ocean sediment cores indicate substantial export from diatom blooms in the Atlantic sector triggered by nutrient exhaustion rather than grazer control (27) . Thus, FeAXs may mimic naturally occurring blooms that are transient (weeks) and are terminated by rapid nutrient depletion with consequently little change in the grazer community (17) .
Bloom Time Scales and Food Web Dynamics
FeAX blooms may be subject to zooplankton grazing (Table 1) , which would result in less Table 1 .
www.sciencemag.org SCIENCE VOL 315 2 FEBRUARY 2007 efficient downward export of algal C (20) and an increase in pelagic Fe recycling (28) . However, the generation times for grazers range from days (microzooplankton) to months (macrozooplankton), whereas FeAX blooms evolve over 2 to 3 weeks (Table 1) . Increased microzooplankton and, in some cases, mesozooplankton abundances (Table 1 and table S2) and subsequent alteration of food web dynamics were evident during FeAX blooms (table S2) . If FeAXs were of longer duration, would stocks of large zooplankton increase with sustained Fe-elevated productivity? If so, how would they influence the bloom signature? Heavy grazing pressure, exerted by macrozooplankton, occurs in some upwelling regions (29) where a continuous nutrient supply (months) maintains a high-productivity system. Recent FeNXs, at sites with sustained nutrient supply (9), will reveal whether such an adaptive grazer response occurs during longterm blooms within HNLC waters, and hence whether upscaling the results of FeAXs to sustained naturally occurring blooms (months) is valid. If such an adaptive grazer response is observed, the potential long-term biogeochemical feedbacks of grazer-mediated Fe recycling and reduced export efficiency of algal C should be explored via modeling simulations. (34) . Although measuring DFe remains challenging, many technical issues have now been addressed (35) . Our improved understanding is reflected in better models of dust depositional fluxes (25) , oceanic DFe distributions (36) , and the impact of higher Fe supply to the paleo-ocean (14) , providing a more realistic picture of Fe supply to HNLC waters both now and in the geological past (Fig. 2) .
Modes of Iron Supply
A comparison of modes of Fe supply in FeAXs, FeNXs, and naturally occurring perturbations (Fig. 2) (8)]. See tables S1 to S3 for further details of initial conditions, ecosystem structure, and biogeochemical responses. Light climate, defined as the mean irradiance available to phytoplankton in the mixed layer, was calculated according to I = I 0 [1 -exp(-K e z)]/K e z, where I is mean mixed-layer irradiance (PAR), I 0 is the subsurface PAR, K e is the vertical light attenuation coefficient (m −1 ), and z is the depth of the upper mixed layer. Dilution rate is the mean growth rate of the SF 6 -labeled patch over the duration of each FeAX. Each property is expressed volumetrically but can readily be converted to a column integral by using the data on mixed-layer depth (MLD). Terms prefixed with a delta such as DDIC denote maximum minus initial concentrations; nc, no significant change (relative to the surrounding HNLC waters); blank cells indicate that no data are currently available. The ratio of maximum to minimum primary production is based on column integrals. S1 ). †An initial increase in DMS concentration followed by a decline by the end of the study.
‡Based on anecdotal evidence. §Increased export was mainly associated with a subduction event.
analogous to episodic dust events, the total Fe supplied in FeAXs is much larger, and Fe solubility is greater than from dust deposition [(7); see also (31) ]. Also, there is little evidence of blooms (i.e., >1 mg chlorophyll m −3 ) after episodic dust deposition into both HNLC (37) and low nutrient-low chlorophyll (LNLC) waters (38) .
During the glacial maxima, increases in Fe supply are evident over a time scale of centuries (1). Aerosol Fe supply to the Southern Ocean during the glacial maxima was higher than at present by a factor of 10 (1, 39). The magnitude of this supply is potentially comparable to that during FeAXs and FeNXs (Fig. 2) . However, there are uncertainties about the mode of Fe supply during glacial maxima. Supply was either episodic and localized from dust storms [e.g., Patagonia (39) ] and/or sustained and global, being driven by Southern Ocean upwelling and oceanic circulation (40) in conjunction with global dust deposition as the main Fe source (14) . A major unknown in the geological past is the fate of Fe incorporated into phytoplankton blooms. Was dust-mediated Fe supply lost to the deep ocean as declining blooms sank [as aggregates (23) ], or was it efficiently recycled by biota in the subsurface ocean and subsequently upwelled? Uncertainty over the fate of Fe is highlighted by comparing two modeling studies. They indicate that substantial atmospheric CO 2 drawdown resulted from the routes of high dust deposition with no Fe recycling (41) and from lower rates of dust deposition with recycling and subsequent upwelling (14) . The pulsed Fe supply in FeAXs may therefore be more relevant to a paleo-ocean with episodic dust supply (weeks) and Fe export to the deep ocean, whereas FeNXs are a better proxy if Fe supply was sustained (months) by upwelling and recycling. Comparison of the results of FeAXs and FeNXs via modeling studies will provide insights into how different modes of Fe supply affect oceanic Fe and C biogeochemistry. There are few published data on Fe/C ratios for particle production, remineralization, or export (Fig. 3) . A range of three orders of magnitude in Fe/C molar ratios is evident, which is probably due to the use of different approaches as well as actual differences in C and Fe biogeochemistry. This variability in Fe/C ratios has been (36, 42) ], which results in increased PFe/POC ratios with depth (Fig. 3) . Also, phytoplankton in high-Fe surface waters may take up more Fe per unit of C fixed [i.e., "luxury" Fe uptake (13, 43) ], resulting in greater Fe remineralization than C remineralization on sinking particles relative to particles in HNLC waters (33) . The available data on PFe/POC ratios indicate that settling particles from natural blooms (northeast Atlantic; Fe/C molar ratio 2.7 × 10 ) have higher ratios than those in HNLC waters (Fig. 3) . During FeAXs, much of the Fe added is rapidly lost via precipitation and patch dilution (21); hence, Fe/C ratios from FeAXs will be overestimated by a factor of more than 2 (Fig. 3) . Moreover, the time scales of FeAXs do not permit the fate of Fe (recycled or exported) initially added to the mixed layer to be assessed (44) , and hence the ultimate efficiency of (Fe added):(C sequestered to depth) cannot be determined. Thus, upscaling the Fe:C stoichiometry from FeAXs to greater spatial and temporal scales is not currently recommended.
The Future: Key Questions and Approaches Key findings from FeAXs offer insights for modelers, although a limited number of these findings can be extrapolated directly to regional and seasonal scales for Fe enrichment. Such limited extrapolation relates to limitations in the FeAX design (7) and to uncertainties in our understanding of Fe biogeochemistry in the paleo-ocean. Key questions center around the issues of macronutrient use, ecosystem responses, modes of Fe supply, and coupling of Fe-C biogeochemical cycles, for which we propose three hypotheses.
First, with respect to macronutrient uptake and ecosystem dynamics, we hypothesize that in addition to magnitude, the stoichiometry of macronutrient and Fe supply to HNLC surface waters is equally critical in determining whether blooms are transient (weeks) or sustained (months). This in turn will dictate the planktonic community that develops and the subsequent biogeochemical balance between Fe recycling within, and export from, the surface mixed layer.
Second, although the mode of Fe supply is important (Fig. 2) , the factors that influence the availability of the Fe supplied to the biota are critical. We hypothesize that the magnitude of the Fe available to the biota will be determined by the mode of Fe supply and in particular by the subsequent mobilization and retention of this Fe by upper-ocean processes. For aeolian Fe supply, these processes include aerosol Fe mixedlayer residence time (32), photochemistry, FeBL concentrations (25) and their joint impact on aerosol dissolution, and the ability of bacteria to access lithogenic PFe (42) . The bioavailability of Fe supplied from upwelling may be influenced by processes such as photochemistry or by the concentration and binding strength of the upwelled Fe and FeBL relative to those in the surface mixed layer.
Regarding the issue of Fe and C biogeochemistry, we offer a third hypothesis: that the relative importance of the processes that set particulate Fe/C ratios and their controlling factors will vary both regionally and seasonally. These processes, which will dictate Fe and C export, include algal Fe uptake and the differential rates of particle remineralization for Fe and C in surface and subsurface waters. Each of these, in turn, will be determined by a range of factors such as DFe concentration [algal Fe uptake (43)], food web structure and grazing activity [remineralization rates (45)], and particle properties and transformations including sinking rate or scavenging [export efficiency (36, 42) ].
Testing these hypotheses will require both specific and multistranded approaches that link FeAXs, FeNXs, and biogeochemical Fe and C studies in a range of locales. Three are advocated:
1) Modeling studies to apply our improved understanding of Fe biogeochemistry in the modern ocean to the geological past. Model simulations should also capitalize on the complementary approaches offered by FeAXs and FeNXs into how pulsed versus sustained Fe supply affects ecosystem dynamics and biogeochemistry.
2) Improved experimental designs to overcome the limitations of FeAXs, such as smaller and more frequent Fe doses, greater patch length scale (>>10 km), and additional measurements that provide insight into the impact of Fe enrichment on climate (e.g., biogenic gases) or Fe cycling (e.g., fate of Fe). Detailed comparison of the biogeochemistry of differing FeNXs would help us understand better the influence of a range of Fe:macronutrient stoichiometries on bloom dynamics and C biogeochemistry. Such experiments require application of both existing [aircraft, laser imaging detection and ranging (46) ] and new [gliders, sensor arrays (47)] technologies, and should be linked to regional circulation models with embedded biogeochemistry. The utility of shipboard Fe enrichments to study algal physiology in detail should not be overlooked (15) .
3) Biogeochemical studies to jointly measure key properties in the Fe and C cycles, such as Fe/C ratios and FeBL concentrations associated with particle transformations, will require specific investigation of end members-HNLC, LNLC, and high-Fe waters in coastal and offshore waters. These, in conjunction with the improved experimental designs described above, will provide insights into temporal and spatial controls on Fe/C ratios in both high-and low-Fe regimes. (51); J, the high-Fe North Atlantic (33) . The ratios were derived from a wide range of approaches including algal lab cultures (53), sediment traps (42), vertical nutrient profiles in HNLC waters (1), and particle regeneration from apparent oxygen use versus DFe (33, 43) . Assessing the bioavailability of Fe (22) is a confounding factor in estimating Fe:C ratios, over and above the effect of patch dilution in FeAXs on the fate of the added Fe. The Fe/C ratios derived from FeAXs in (B) are (Fe added):(C exported) and assume that the Fe term is the total amount of Fe added, which may overestimate this ratio by 100% or more (21, 55) .
